Oxygen is a product of photosynthesis and is essential for human survival. It also has a profound effect on ecosystems as the atmospheric oxygen balance is the basis for regional ecological sustainability. The Pearl River Delta (PRD) has experienced rapid urbanization and has become one of China's three major urban agglomerations. This study focused on the oxygen balance of the PRD in 2011, and established a model to calculate the oxygen balance that was suitable for a region of rapid urbanization by applying remote sensing gross primary production data via the C-Fix model. The influencing factors for the oxygen imbalance were analyzed and it was suggested that more attention be paid to the management of oxygen emissions than oxygen consumption. The results indicated that the oxygen balance capacity of the PRD was weak, with an oxygen consumption 9.37 times that of its oxygen emission. Zhaoqing and Huizhou are the main sources of oxygen in the PRD, with an oxygen emission density more than 4.67 times that of Dongguan or Zhuhai. Guangzhou and Shenzhen are the main oxygen sinks, with a total oxygen consumption more than 5.49 times that of Zhaoqing. Moreover, the oxygen balance of the PRD is more sensitive to oxygen emissions than consumption. Therefore, it could be inferred that the land urbanization has a stronger influence on the oxygen balance than the population urbanization.
Introduction
The fast urbanization with significant land cover change has influenced the urban microclimate, which may threaten the sustainability of atmospheric balance at regional scale [1, 2] . Some of the regional atmospheric process such as CO2 emission has become a critical issue in sustainable development [3] . In urban ecosystems, the process of absorbing CO2 is correlated with oxygen emission, which forms a carbon and oxygen cycle in balance [4] . However, except the wide attention on the carbon cycle, few studies focus on the accompanying process of oxygen emission and consumption, which is also a link bridging the processes between nature and human beings. Oxygen is vital for the survival of life, and the maintenance of a certain concentration of atmospheric oxygen is the most fundamental aspect of human well-being. When the oxygen concentration is below 19.5% in a closed space, the human heart can be harmed by its increased workload, and people cannot survive when the oxygen concentration is less than 6%-7% [5] . On one side, oxygen is an important element of photosynthesis and respiration, and a certain concentration of atmospheric oxygen is needed to balance the ecosystem. On the other side, oxygen is an important raw material consumed in the chemical industry during the combustion of fossil fuels. Urbanization mainly involves deforestation and the large-scale use of fossil fuels. The rapidly rising CO2 concentration in the atmosphere due to urbanization has caused global climate change, which in turn aroused widespread concern [6] [7] [8] . Meanwhile, the problem of an atmospheric oxygen imbalance has been gradually identified. Klusinske [9] found that the oxygen concentration in the atmosphere fell by 0.0317% from 1990 to 2008. In densely populated city centers, the oxygen concentration is below 19%, and in some urban areas it is as low as 12%-17% [5] . Nevertheless, over half the world's population live in cities, and urbanization has become a significant trend in the development of human civilization. With the high population increasingly consuming resources and energy, urbanization results in dramatic changes in land cover and environment [9] [10] [11] . As large amounts of green vegetation are converted to artificial impervious surfaces, the exchange of materials between the atmosphere and ground surface will be significantly affected [12, 13] . Thus, urbanized areas, especially regions strongly affected by human disturbance causing significant surface changes [14, 15] , have become important in global environmental change studies.
Compared with studies of the carbon balance that focus on global warming, there have been few studies of the global oxygen balance. The quantitative methods used in oxygen balance studies have been improved to increase the accuracy of estimation. Some researchers have used the area of green vegetation cover to indicate carbon sequestration and oxygen emission [16] . Some researchers have used plant photosynthesis products of net primary productivity (NPP) to make estimations [17, 18] , while others found that remote sensing technology made the calculation more effective [19] [20] [21] [22] [23] . Dong [24] conducted an urban oxygen balance study in Nanjing, China. However, the study was relatively subjective and lacked a scientific basis in its assessment, because the estimation was based on empirical oxygen emission coefficients of several land use types without chemical formulas and ecological mechanisms. In more recent studies, the analysis and application of the oxygen balance has been strengthened. Ma et al. [25] applied an oxygen balance index to quantitatively evaluate the urban oxygen balance. Nowak et al. [26] and Peng [27] analyzed the role of green vegetation in the oxygen balance, and Zhang et al. [28] and Gui [29] calculated the need for ecological land in cities based on the oxygen balance. The city and the region have a close connection in terms of landscape function [30] . However, because the statistical data currently available is unable to meet the need for a large scale, it is not possible to establish an effective evaluation system for the comprehensive and quantitative assessment of the regional oxygen balance, nor is it possible to analyze the reasons for any reported imbalance.
Urban agglomeration is the merging of different metropolitan areas that interconnect at a regional scale. Thus, urban agglomerations provide a suitable scale for an atmospheric study [31] . China is experiencing rapid urbanization, where natural surfaces and economic activities are undergoing significant change [32] [33] [34] [35] , and metropolitan areas are sensitive to the atmospheric oxygen balance. After more than 30 years of reforming and opening-up, the Pearl River Delta (PRD) has become one of China's three major urban agglomerations [36] [37] [38] . The level of urbanization in the PRD is high and the urban system is well developed, with cities at all levels having a close connection. At the same time, land cover in the PRD has changed dramatically as large amounts of natural land have been developed [39] . The rapidly developing economy has resulted in significant economic and structural changes in the PRD [40] . However, the characteristics of the cities in the PRD vary substantially. Dongguan formed according to market demands, Guangzhou evolved from the old city, and Shenzhen was built to comply with modern urban planning theory. The oxygen balance in the PRD can be extended to the other rapidly urbanizing regions in China, because the PRD is experiencing an innovative Chinese urbanization. Therefore, this study focused on the oxygen balance of the PRD in 2011 and established an oxygen balance calculation model by applying remote sensing gross primary productivity (GPP) data via the C-FIX model.
Methodology

Study Area and Data Source
The PRD is an alluvial delta complex that developed from the silt supplied by the Xijiang River, North River, and East River together with its tributaries, i.e., the Tanjiang River, Zengjiang River, and Suijiang River. It is situated in the southeast of Guangdong Province, China, and is surrounded by high mountains on three sides, with the South China Sea to the south. Located near the Tropic of Cancer, it has a southern subtropical climate with adequate levels of light and rainfall. The rainy season coincides with the hottest time of the year, and the vegetation is mainly tropical and subtropical plants.
The urban agglomeration in the PRD includes nine cities: Guangzhou, Shenzhen, Zhuhai, Foshan, Jiangmen, Dongguan, Zhongshan, Huizhou, and Zhaoqing ( Figure 1 ). After 30 years of rapid development, the PRD has become a mixture of highly concentrated economic entities and densely populated areas [41] . The PRD occupies only 0.446% of China's land, but the GDP of the PRD in 2011 was 3767.33 billion yuan, accounting for 11.3% of China's GDP. The residential population is 5.647 million, accounting for 4.09% of China's total population. The urban population is 4.687 million, with an urbanization rate of 83.0%, which is higher than the country's overall level of 51.3%.
The basic information used in this study was GPP remote sensing data, temperature monitoring data, and statistics. The remote sensing imagery for this project was extracted from a MOD17A2 data set of GPP values. Its spatial resolution was 1 × 1 km and the time frequency was eight days. A total of 47 images (from 1 January 2011 to 1 January 2012) were downloaded from NASA and USGS [42] . The images on days of 49, 65, and 121, which were obscured by clouds, were replaced by the mean value of two images taken earlier and later. The saturation zone, with pixel values of more than 30,000, was assigned to 0. The image coordinates were switched to the projection of Beijing 1954, Lambert. The temperature data were provided by the China Meteorological Data Sharing Service System [43] and were measured at 02:00\08:00\14:00\20:00 every day, with the mean value used as the daily average temperature. Statistical data were collected from the Guangdong Province 2012 yearbooks for Guangzhou, Shenzhen, Zhuhai, Foshan, Jiangmen, Dongguan, Zhongshan, Huizhou, and Zhaoqing. The following data were collected for the administrative areas of each city: permanent population, number of livestock, primary energy consumption, GDP, and energy consumption per unit of GDP in 2011. 
Atmospheric Oxygen Emission Assessment
Photosynthesis accounts for 98% of the world's oxygen output, while the splitting of water molecules by ultraviolet radiation accounts for the other 1%-2% [44] . The process of plants producing and consuming oxygen consists of three stages. The first is photosynthesis. Plants convert inorganic carbon to organic carbon and release oxygen, with the initial carbon referred to as GPP. The second is autotrophic respiration. Plants consume part of the organic carbon produced by photosynthesis and absorb some oxygen through respiration. The remaining organic carbon is referred to as NPP [45] [46] [47] . The third is heterotrophic respiration of soil organic matter. Part of the organic carbon in NPP expended by heterotrophic respiration and oxygen consumption of soil organic matter will enter the soil in the form of dead branches, fallen leaves, or other plant material. The organic carbon remaining after deducting the consumption by heterotrophic respiration of soil organic matter from the NPP is referred to as net ecosystem productivity (NEP) [48] . Thus, the oxygen emission of plants through photosynthesis, respiration, and heterotrophic respiration of soil organic matter can be calculated by the mass ratio between NEP and oxygen emission after estimating the NEP.
In rapidly urbanizing regions like the PRD, large vegetation changes have occurred at different intervals. The traditional calculation method, which uses ground-based data, is time costly and not suitable for a rapidly changing environment. The introduction of remote sensing technology has made it possible for measuring oxygen emissions in regions of rapid urbanization then the empirical value of land use type [49] . The MOD17A2-GPP data set reflects the wide range of spatial and temporal variations of vegetation photosynthesis in real-time. Thus the eight day time elapsed NPP and NEP values have been derived, and oxygen emissions have been estimated from the GPP and temperature data.
The models used for estimating NPP and NEP can be roughly divided into three categories [50] : traditional meteorology correlation models [51, 52] , ecological process models [53] [54] [55] , and rational light utilization models [56, 57] . The C-FIX model used in this study is a rational light utilization model, which can determine the calculation of NPP and NEP with a time-space attribute at the regional scale [58] . The model requires few input parameters, but has a high calculation efficiency [58] . In the C-FIX model, GPP, NPP, and NEP have the following relationships, where the subscript "d" stands for day:
where Ad is the autotrophic respiration rate of plants, and Rh,d is the heterotrophic decomposition rate of soil organic matter. NPPd is the net primary productivity on pixel, GPPd is the gross primary productivity on pixel, NEPd is the net ecosystem productivity on a pixel. The unit is tonne (t). The autotrophic rate of plants and heterotrophic decomposition rate of soil organic matter are primarily related to temperature. The heterotrophic respiration rate will increase 1.5 times when the temperature is increased by 10 °C [59] . Finally, NEP of every eight days is estimated by entering the GPP remote sensing data and temperature data into the C-FIX model, and the yearly oxygen emission can be estimated by the summary of the eight days' NEP.
Atmospheric Oxygen Consumption Assessment
The main issues that consume oxygen are the burning of fossil fuels and respiration. The primary energy sources consumed in the PRD are coal, oil, and gas. Respiration occurs mainly in humans and livestock [60] . The formulas for oxygen consumption due to the burning of oil, coal, and gas are as follows [61] :
One adult's daily oxygen consumption is 800 g. The daily oxygen consumption of livestock (mainly pigs and cattle) is 1500 g [62] , thus: Co = Eo + Ec + Eg + Rp + Rl (6) Co is the oxygen consumption (t O a ).
Atmospheric Oxygen Balance Assessment
A quantitative assessment and evaluation of the oxygen balance is key to the application of regional oxygen balance studies. This study evaluated the oxygen balance by comparing oxygen consumption and emission, and constructing an oxygen balance index, i.e., Bo. The oxygen balance depends on the oxygen emission capacity indicated by the oxygen emission density (Peo), and the degree of oxygen consumption indicated by the oxygen consumption density (Pco). The major factors that affect oxygen emission are the area size indicated by the greening ratio (Ro), and the efficiency indicated by the oxygen emission rate (Yo). The major factors that affect the degree of oxygen consumption are the degree of economic development indicated by GDP, and economic development efficiency indicated by the oxygen consumption per unit of GDP (COGDP).
Bo is the oxygen balance index, Co is the oxygen consumption (t), EO is the oxygen emission (t), Peo is the oxygen emission density (t·km ).
Influencing Factors Identification of Atmospheric Oxygen Balance
After assessing the oxygen balance index in the PRD, to discuss the influencing factors can make a better understanding on the formation of oxygen balance. In this study, the factors influencing the oxygen balance were selected as four dimensions of population, land use, economy, and energy consumption. In detail, population dimension includes such five indicators as total population, urban population, proportion of urban population, rural population, and proportion of rural population. Land use dimension includes four indicators, i.e., area of construction land, area proportion of construction land, area of ecological land, and area proportion of ecological land. Economy dimension includes five indicators such as GDP, GDP of primary industry, GDP of secondary industry, GDP of tertiary industry, and GDP of industry. Finally, the energy consumption dimension only includes one indicator of primary energy consumption. The various influencing factors after standardization were extracted to make Pearson correlation analysis with the indexes of oxygen emission, oxygen consumption, and oxygen balance, respectively.
Results
Spatio-Temporal Variation of Atmospheric Oxygen Emissions
The spatial distribution of the accumulated atmospheric oxygen emissions in the PRD indicated that the photosynthetic intensity of vegetation was high (Figure 2) , and oxygen emissions per unit of green land were large. In 2011, the total initial oxygen production was 1.602 × 10 , which was larger than the average value in China [63, 64] . The vegetation respiration intensity in the PRD was also high ( [50] . In Europe, the oxygen consumed by respiration accounted for 72.8% of the initial oxygen production, with 46.5% was consumed by autotrophic respiration and 26.3% was consumed by heterotrophic respiration of soil organic matter [58] . Therefore, the oxygen consumed by heterotrophic respiration of soil organic matter was larger in the PRD, with the proportion almost equal to the autotrophic respiration. It could also be found that the total initial oxygen production in the PRD was significantly higher, because the better hydrothermal conditions in the PRD can lead to higher intensity of photosynthesis. In detail, Zhaoqing and Huizhou had the largest oxygen emissions among the nine cities in the PRD. The vegetation in the two cities released 2.042 × 10 Note: * Proportion of total oxygen emission = oxygen emission of the city/oxygen emission of the PRD.
By considering March, April, and May as spring; June, July, and August as summer; September, October, and November as autumn; and December, January, and February as winter, oxygen emissions in the PRD were analyzed quarterly. As shown in Figure 3 , oxygen emissions varied seasonally, with the emissions in spring, summer, autumn, and winter comprising 18.30%, 28.63%, 28.45%, and 24.62% of the whole year's oxygen emission respectively. Oxygen emissions in summer and autumn were large, and spring accounted for the lowest emissions. Compared with the proportional oxygen emissions of 18.10%, 63.73%, 18.16%, and 0.01% for the same four seasons in Harbin [50] , the range of seasonal variation in the PRD was not particularly large because of the relatively high temperatures in winter. The much worse hydrothermal conditions in the north can lead to much lower intensity of photosynthesis and respiration. Therefore, the oxygen emissions will be far more concentrated in summer in north China than in south China. 
Spatial Variation of Atmospheric Oxygen Consumption and Balance
The energy and oxygen consumption in the PRD was large and had increased rapidly, as shown in Table 2 , Figure 4 . The oxygen consumption in 1998 was estimated to be 1.635 × 10 8 t in the PRD by Peng [27] . Guangdong Province's primary energy consumption in 1998 was about 7 × 10 4 t of standard coal equivalent, but by 2011 it had increased to be 2.413 × 10 5 t, three times more than in 1998. The oxygen consumption in 2011 was 5.581 × 10 8 t, which was also three times more than in 1998. Guangzhou and Shenzhen, the main oxygen sinks in the PRD, consumed the greatest volume of oxygen at 27.13% and 22.15%, respectively. The primary oxygen consuming activity in the PRD was the burning of fossil fuels, which accounted for 96.14% of the total oxygen consumption. The oxygen consumed by human and livestock respiration only accounted for 3.86% of the total. Note: * Proportion of total oxygen consumption = oxygen consumption of the city/oxygen consumption of the PRD.
The PRD's oxygen balance was weak, with 9.37 times the current oxygen emissions needed from outside inputs to ensure an adequate balance (Table 3 ). In the winter, when there is usually a north wind, the PRD can obtain oxygen from the Nanling Mountains and the Yunnan-Guizhou Plateau. During the summer, there is usually a northeast wind, and the PRD can obtain oxygen from offshore locations [65] . As an economic center, the PRD inevitably has a relatively large oxygen deficit. From the perspective of oxygen security, to maintain a certain oxygen balance is a need to ensure a relatively high concentration of atmospheric oxygen even in a calm environment during a long period. Of the nine cities in the PRD, Dongguan had the weakest oxygen balance index of 85.91. The city had no more than 30% of green area and resulted in low oxygen emissions of 300 t km , which was even higher than that in Guangzhou. The oxygen balance of Foshan, Zhuhai, and Zhongshan was also low, with the index value more than 40. This was because the low oxygen emission rate of green land results in an overall low oxygen emission density. Thus, they were in great need to upgrade industrial facilities, transform the mode of economic development, and enhance energy usage efficiency, besides improving oxygen emissions in Dongguan, Foshan, Zhuhai, and Zhongshan.
Shenzhen had a similar oxygen balance index value compared with Foshan, Zhuhai, and Zhongshan. However, there was a relatively higher density of oxygen emission and consumption in Shenzhen. The large density of oxygen consumption was up to 6.46 × 10
, which resulted in a weak oxygen balance despite Shenzhen had the highest oxygen emission rate. Furthermore, Guangzhou had the largest economic size in the PRD. However, the oxygen balance index was only 25.17 in Guangzhou, which could be attributed to its high proportion of green area. Thus the oxygen balance of Guangzhou was relatively better than the other economic centers in the PRD.
The oxygen balances of Zhaoqing, Huizhou, and Jiangmen, with oxygen balance indexes of 1-3, were the best in the PRD. This was because on one hand, they had the highest proportion of green areas (97%, 94%, and 88%, respectively) and the higher oxygen emission rate of green land in the PRD. On the other hand, the economic size of these three cities was relatively small, which lead to the lowest density of oxygen consumption. However, the energy utilization efficiency should be paid more attention since the oxygen consumption per unit of GDP in these three cities were the lowest.
Discussion
Data Comparison
The results of this study were similar to those of previous studies (see Table 4 ). Tang et al. [66] showed the vegetation NPP density and NEP density, which comprised broad-leaved Korean pine forest in the Changbai Mountains, was lower than in this study because the altitude was much higher and the temperature was lower than in the PRD. The similar conditions in Russia also confirmed this similarity [58] . However, the vegetation NEP density in Italy was higher than in this study. This was due to the higher photosynthetic intensity of vegetation, which was mainly composed of forests in Italy. The density of vegetation oxygen emissions in Guangzhou, estimated using the NPP by Guan et al. [17] , was higher than in this study because the oxygen consumption by heterotrophic respiration of soil organic matter was not deducted. The study of the vegetation oxygen emission density in Xiamen and the PRD indicated similar results [25, 27] , as well as the NEP of loblolly pine forests in California [67] . Sun and Zhu [68] reported that the NPP gradually decreased from southeast China to northwest China, as the vegetation NPP density in the subtropical zone was more than 500 g C m , which was consistent with the results of Sun and Zhu [68] . 
Factors Influencing the Atmospheric Oxygen Balance
As shown in Table 5 , oxygen emission was strongly related to the ecological land area (r = 0.978) and the proportion of urban population (r = −0.927). Significant correlation also existed between oxygen emission and the proportion of rural population (r = 0.927), the GDP of primary industry (r = 0.851), rural population (r = 0.815), the proportion of ecological land area (r = 0.786), and the proportion of construction land area (r = −0.780). Therefore, ecological land, with the strongest correlation to oxygen emission, was the primary factor that directly affected oxygen emission. As we know, agricultural and forest land was an important part of ecological land in a region. Thus, the more ecological land that was available in relationship to the proportion of rural population and primary industry would result in a greater release of oxygen. Oxygen consumption was strongly related to primary energy consumption (r = 1.000) and GDP (r = 0.990). Energy consumption would directly lead to oxygen consumption, with 96.14% of oxygen consumption in the PRD stemming from the burning of fossil fuels. Furthermore, energy consumption was highly correlated to GDP. Generally speaking, the larger the GDP, the more fossil fuels combusted and the more oxygen consumed.
The oxygen balance was very strongly correlated with the proportion of construction land area (r = 0.950) and the proportion of ecological land area (r = −0.950), as well as having a significant correlation with the proportion of urban population (r = 0.770) and the proportion of rural population (r = −0.770). The proportion of different land use types and population types could mirror the process of urbanization. The extent of urbanization was obviously an important factor affecting the urban oxygen balance. The greater the extent of urbanization, the larger the energy consumption was. Therefore, together with a smaller ecological land area due to urban expansion, there would be a higher oxygen balance index, i.e., serious oxygen deficit.
It could also be found that the oxygen balance index had a much stronger correlation with the proportion of different land use types than the population types, although population was the key to the realization of urbanization. Thus, besides controlling urban population, the oxygen balance could be ensured in areas of rapid urbanization by realizing intensive land use, and retaining important ecological land. It should also be noted that the factors that were significantly correlated with the oxygen balance were also significantly correlated with oxygen emission, but were completely different from those that were significantly correlated with oxygen consumption. Therefore, it could be concluded that the oxygen balance depended more on oxygen emissions in the PRD under the current conditions. It was currently more effective for the improvement of oxygen balance by increasing oxygen emissions rather than by controlling oxygen consumption.
Conclusions
Oxygen is not only a key element in geochemical cycle, but a critical one for human health. This study established an oxygen balance calculation model, which is suitable for regions of rapid urbanization by applying remote sensing GPP data and the C-FIX model. In the PRD, there were huge levels of oxygen emission and consumption. Zhaoqing and Huizhou were the main sources of oxygen with Guangzhou and Shenzhen for the main oxygen sinks. The overall oxygen balance of the PRD was weak, and relies on the input of oxygen from outside the region. The oxygen balance of Zhaoqing, Huizhou, and Jiangmen was the strongest, while it was weakest in Dongguan. It has also been found that urbanization factors largely influence oxygen balance, and increasing oxygen emission can effectively improve oxygen balance. This is because oxygen balance index has a stronger correlation with land use indicators than population indicators, and land use issues are in step with oxygen emission. That is to say, land urbanization was more importantly affecting the oxygen balance than the population of the urbanization. In order to strengthen the oxygen balance, a better urbanization method should be focused on optimizing the urban landscape with more green space to increase the oxygen emission, and maintaining a fit population density and secondary industry proportion.
In future studies, several aspects should be considered to find more information on oxygen balance. (1) Improve the source data accuracy. This study used MODIS data with a resolution of 1 km. However, some errors will exist in GPP remote sensing data due to cloud cover, and therefore different kinds of data could be used as an auxiliary correction; (2) Improve the oxygen emission estimation accuracy. Because of the estimated error or uncertainty in the oxygen balance index, the rank of cities may be changed. In addition, water ecosystems were not considered although they could be important; (3) Compare the oxygen balance with carbon balance. In the 20 years prior, carbon balance was not such a hot topic as it is nowadays. Compared with carbon cycle studies, oxygen balance is a closely related process while it is usually ignored. Therefore a synthetic view on both oxygen balance and carbon balance may be useful in understanding the ecological effect of urbanization.
